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Mikania micrantha Kunth is an invasive vine in tropical Asia, the Paciﬁc Islands, and
northern Australia. It spreads in open ﬁelds and over the canopies or crowns of other
plants to form a dense year-round blanket that eventually suffocates most plants under-
neath. To identify grasses that could suppress M. micrantha, we conducted a vast ﬁeld
investigation. Six perennial grass species with tall, slender leaves (Panicum incomtum Trin.,
Pennisetum purpureum Schum., Saccharum arundinaceum Retz., Microstegium vagans (Nees
ex Steud.) A. Camus, Panicum maximum Jacq., and Themeda caudate (Nees) A. Camus) were
found to protrude from within or the edges of the vine blanket. These grasses were grown
with M. micrantha in a glasshouse pot experiment with three nitrogen (N) levels that
represented lower than current, current, and very high N deposition rates, respectively.
Increasing N signiﬁcantly increased M. micrantha biomass. All grasses suppressed the
growth of the vine to varying degrees. P. maximum and P. purpureum decreased the
biomass of the invasive vine by at least 88.9% and 75.0%, respectively, while P. incomtum
caused at least a 63.5% decrease. The other grass species were less effective. This research
for the ﬁrst time revealed that tall and ﬂexible grasses have potential as control agents of
M. micrantha.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Mikania micrantha Kunth. (MM), an herbaceous to semi-woody vine, is one of the world's most challenging invasive
species to control (Cronk and Fuller, 1995; Lowe et al., 2001). MM is problematic in tropical Asia, the Paciﬁc Islands, and
northern Australia (Waterhouse, 2003). In south China, it has been expanding rapidly for more than two decades. It blankets
open ﬁelds and the canopies or crowns of secondary forests, plantations, and orchards (Zan and Li, 2010), and eventually
suffocates most plants underneath.i), fuweidong@caas.cn (W. Fu).
ier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Heteropanax fragrans (Roxb.) Seem., and Cinnamomum burmani (C. G. & Th. Nees) Bl., resisted or tolerated blanketing by MM
and eventually grew tall with large crowns and excluding MM (unpublished data).
We looked for grass to suppress MM. To achieve this, a grass must survive the blanketing. Unlike trees, however, her-
baceous species will never grow tall enough to overtop the vine, so the possibility of resource competition should be
considered.
Nitrogen (N) is the most common limiting resource for plants, and its addition might change the vegetation composition,
as well as promote invasion (see reviews by Pearson and Stewart, 1993 and by Bobbink et al., 1998). For example, in the
subtropical Mohave Desert, USA, increased levels of soil N from atmospheric deposition or other sources has increased the
prevalence of alien annual plants (Brooks, 2003).
At present, whether elevated N will beneﬁt MM is still not clear, but the vine's rapid spread in China did coincide with
increasing N deposition since 1980. Average N deposition in China was 13.2 kg hm2 yr1 in 1980 and 21.1 kg hm2 yr1 in
2000 (Liu et al., 2013). One study revealed that, in south China in 2007, N deposition was very high, in the range of
6.618e100.03 kg hm2 yr1 (Chen et al., 2010). Thus, the possibility that additional N promotes the invasion cannot be
neglected.
Herbaceous plants that might be used to control the invasive vine should ﬁrst be able to survive and grow inMM presence
and, second, should have a competitive advantage at current N levels and under wide ranges of N deposition. Here, we ﬁrst
looked for herbaceous species that could survive and outcompete MM. Second, we tested whether those species were
competitive under a wide range of N levels.
2. Materials and methods
2.1. Herbaceous species selection
We conducted a ﬁeld investigation in an area severely blanketed by the invasive vine, focusing on herbaceous species that
appeared within or intermingled at the edges of the vine blanket. Only six tall perennial grass species (Poaceae) grew there:
Panicum incomtum Trin. (PI), Pennisetum purpureum Schum. (PP), Saccharum arundinaceum Retz. (SA), Microstegium vagans
(Nees ex Steud.) A. Camus (MV), Panicum maximum Jacq. (PM), and Themeda caudata (Nees) A. Camus (TC). These six species
were used in our experiment.
2.2. Propagule preparation
For PI, SA, PM, TC, and MM (the invasive vine), seeds were collected separately in the ﬁeld at Huijiang Village (22990N,
113280E), Panyu, Guangdong Province, China, from September to December 2010. These seeds were then stored in cotton
bags at room temperature. On 20 March 2011, these seeds were sown in separate sand beds under a glass roof and watered
three times a day. For MV and PP, which produce few or no seeds, respectively, ramets with two nodes with roots were
collected fresh from the ﬁeld, planted in sand beds in a glasshouse on 4 May 2011, and the beds were watered three times a
day.
2.3. Culture medium preparation
Soil was obtained in September 2010, from a ﬁeld at Huijiang Village where all of the species occurred. The upper layer of
the soil (10e15 cm) was discarded, and the remaining soil was air dried under a glass roof.
Pots (upper diam.¼ 25 cm, lower diam.¼ 20 cm, height¼ 30 cm, with three drainage holes at the bottom)were ﬁlled with
9 kg of air-dried soil on 20 March 2011. Thus, the soil each pot occupied a volume of ph((25/2)2 þ (25/2) (20/2) þ (20/2)2)/
3z 399 h cm3, i.e., equal to a cylinder with a surface area of 399 cm2. (This numberwas later used to calculate the additional N
value). Pots were placed under the glass roof and watered daily to induce germination. All germinated seedlings were pulled
out. After 7 consecutive dayswith no newgermination, wateringwas reduced to theminimumnecessary to prevent complete
drying.
2.4. Competition between each grass species and the invasive vine
On 20 May, 2011, vigorous grasses andz20-cm-long MM propagules were transplanted into a total of 366 pots. In each
pot, two propagules were planted opposite one another and 10 cm apart in 13 combinations, including six mixed-species and
sevenmonocrop treatments: PIþMM (30 pots), SAþMM (30), PMþMM (30), TCþMM (30), MVþMM (24), PPþMM (24),
PI þ PI (30), SA þ SA (30), PM þ PM (30), TC þ TC (30), MV þ MV (24), PP þ PP (24), and MM þ MM (30). Each group was
equally divided into three subgroups, and each subgroup was assigned to one of three N-level treatments (described below).
Under a glass roof, the pots were randomly placed in lines that were 90 cm apart and oriented northesouth to minimize
plant shading. In each line, neighboring pots were 20 cm apart. Pots were watered three times a day for the ﬁrst 10 days, and
then, watering was performed every other day.
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possible future N deposition levels in South China. The low-N treatments received no additional N. The middle N level was
calculated based on data from the nearest reference site, Xinzhao (2330N, 113230E), which has 2.33 times the amount of N
wet deposition as at Hengmen (22320N, 113360E) (Fig. 1 in Chen et al. 2010), an estuary in south China. The deposition at
Hengmen for the equivalent period of our experiment (last 20 days of March to the ﬁrst 10 days of September) was
25.8 kg hm2. Thus, the rough estimated N wet deposition at Xinzhao for the same period was 60.1 kg hm2. This amount
equals deposition of 0.24 g N on the 399-cm2 pot soil surface, which we supplied in three doses 0.08 g N each on 10 June, 10
July, and 10 August. We used 0.68 g of Ca(NO3)2$4H2O, which equals 0.08 g N. For the high-N treatments, we doubled the
amount to 1.36 g Ca(NO3)2$4H2O per pot each time. Ca(NO3)2$4H2O was dissolved in 700 mL of 0.1  N-free modiﬁed
Hoagland solution.
Each plant was harvested individually on 9 September 2011, and the above ground portion (hereafter referred to as the
biomass) was dried in an oven at 80 C to constant weight.
2.5. Data analyses
We analyzed the effects on MM biomass of N by one-way analysis of variance (ANOVA) and the least signiﬁcant difference
(LSD) multiple comparisons test; of the different grasses by the LSD test; and of the grassN interaction by two-way ANOVA.
Two-way ANOVA was also used to evaluate the effects of the MM  N interaction on grass biomass.
Finally, the outcomes of competition in mixed-culture pots were expressed as the proportion of MM or grass biomass to
the total pot biomass:
MM% ¼ biomass of MM
biomass of MMþ biomass of grass 100%
biomass of grass
Grass% ¼
biomass of MMþ biomass of grass 100%The difference between MM% and Grass% (given as, e.g., PI% and PP%) at each N level was compared by one-way ANOVA.
All data analyses were performed in SPSS 19.0 (IBM, Chicago, IL, USA), and the ﬁgures were made in Sigmaplot 12.0
(SYSTAT, Chicago, IL, USA).
3. Results
3.1. Effects of grass  N interactions on MM
Two-factor ANOVA indicated that overall the biomass of the invasive vine was signiﬁcantly decreased by different grass
species (F ¼ 31.076, P ¼ 0.000), by N (F ¼ 16.452, P ¼ 0.000), and by the grass  N interaction (F ¼ 2.694, P ¼ 0.002).Fig. 1. Comparison of above-ground biomasses ofMikania micrantha grown in mono-culture and in competition with one of six grass species at different nitrogen
levels. Bars are means ± SE. Different letters indicate signiﬁcant differences at P < 0.05. PI, Panicum incomtum; PM, Panicum maximum; PP, Pennisetum purpureum;
SA, Saccharum arundinaceum; MV, Microstegium vagans; TC, Themeda caudata; MM, Mikania micrantha; LN, low-N treatments; MN, middle eN treatments; HN,
high-N treatments.
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(F ¼ 15.320, P ¼ 0.000), and high (F ¼ 19.655, P ¼ 0.000) N treatments (Fig. 1). Among the six grass species, the only non-
signiﬁcant effects were with MV under low N and PM under middle N (Fig. 1).3.2. Effects of the MM  N interaction on grasses
Two-factor ANOVA indicated thatMM signiﬁcantly increased the biomass of PM, PP, and TC but had no signiﬁcant effect on
the other three grass species; the MM  N interaction did not signiﬁcantly affect the biomass of any grass species. The effects
of N on grass biomass varied among species (Fig. 2). Four grass species had signiﬁcantly more biomass at one ormore N levels:Fig. 2. Comparison of above-ground biomasses of grasses in monoculture and in competition with Mikania micrantha at different nitrogen levels. Bars are
means ± SE. * indicates a signiﬁcant difference at P < 0.05. PI, Panicum incomtum; PM, Panicum maximum; PP, Pennisetum purpureum; SA, Saccharum arundi-
naceum; MV, Microstegium vagans; TC, Themeda caudata; MM, Mikania micrantha; LN, low-N treatments; MN, middle eN treatments; HN, high-N treatments.
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biomasses of SA and MV were not signiﬁcantly affected at any N level.3.3. Biomass proportions of the grasses and MM
The relative proportions of grass and invasive vine biomasses were not signiﬁcantly affected by N levels and generally
varied within narrow ranges (Fig. 3). Over the three N levels the grass biomass proportions were: PP, 0.95e0.98; PM,
0.95e0.99; PI, 0.90e0.95; MV, 0.75e0.80, and TC, 0.70e0.78.Fig. 3. Comparison of the aboveground biomass proportions of Mikania micrantha and six grass species to total above ground biomass. Bars are means ± SE. *
indicates a signiﬁcant difference at P < 0.05. PI, Panicum incomtum; PM, Panicum maximum; PP, Pennisetum purpureum; SA, Saccharum arundinaceum; MV,
Microstegium vagans; TC, Themeda caudata; MM, Mikania micrantha; LN, low-N treatments; MN, middle eN treatments; HN, high-N treatments.
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Nitrogen signiﬁcantly affected the biomass of the invasive vine (F ¼ 9.997, P ¼ 0.001); biomasses at both the middle and
high N levels were signiﬁcantly higher than the lowN level, but the middle- and high-N treatments did not differ signiﬁcantly
(Fig. 4).4. Discussion
4.1. Recent increase in anthropogenic N beneﬁt the invasive vine
Anthropogenic N has increased N deposition, and continued elevation is likely. In our experiment the low N level rep-
resented the soil background value without N wet deposition; the middle level represented the current N level in this area,
i.e., with Nwet deposition; the high N level represented twice the current Nwet deposition rate, a circumstance that does not
now exist and may exceed the peak levels of N wet deposition in the future.
Our results indicated that the middle N level signiﬁcantly increased the biomass of MM by 82.7% compared with the lowN
level (Fig. 4), implying that the recent increase in anthropogenic N did beneﬁt the invasive vine. However, contrary to
expectation, the vine's biomass did not signiﬁcantly differ between themiddle and high N levels, implying that MMmight not
exploit very high N deposition rates.4.2. Grass size advantage over MM varied among species
Size is important in attaining an asymmetrical advantage. Our pot experiment demonstrated that tall grasses used have a
size advantage. In all cases, the grasses suppressed the growth of MM but, as expected, the magnitude varied (Fig. 1). Three
grass species strongly and consistently suppressed the invasive vine over the whole range N levels. PM and PP caused at least
88.9% and 75.0%, respectively, decreases in vine biomass. Next was PI, which caused at least a 63.5% decrease. The other three
species were less effective, and the least was MV that caused no more than a 49.4% decrease across all three N levels. These
phenomena were in agreement with ﬁeld observations that MM was scarce in clumps of PM, PP, and PI, whereas it grew in
clumps of MV.
Notably, the two most suppressive species, PM and PP, also acquired signiﬁcantly more biomass when grown with the
invasive vine than in monocultures across all N levels (Fig. 2). The other four grass species either showed signiﬁcant dif-
ferences at only one or two N levels or not at all (Fig. 2).4.3. Competitors with MM must be tall and ﬂexible
Certain characters are critical for plants to successfully compete with MM. In the ﬁeld, we found no small grasses or herbs
surviving under the vine blanket. Some tall grasses grew naturally where the invasive vine was found, clearly indicating that
they could survive in competition with the vine.
Tall plants do have the potential to grow above the vine. However, the fact that many trees and shrubs, which are taller
than grasses, die beneath the vine indicates that height is not the only factor for survival. The six grasses studied here all have
long, elastic leaf blades or stalks on which the vine could not grasp and climb, and that could easily sway away from the
invasive vine. Therefore, being tall and ﬂexible was a prerequisite for a grass to grow where the invasive vine is rampant. This
is in accordance with what Putz has long noted out that lianas cannot reach the canopy if they fail to locate appropriateFig. 4. Effects of nitrogen on above-ground biomass of monocultured Mikania micrantha. Bars are means ± SE. Different letters indicate a signiﬁcant difference at
P < 0.05. MM, Mikania micrantha; LN, low-N treatments; MN, middle eN treatments; HN, high-N treatments.
S. Zhou et al. / Biochemical Systematics and Ecology 65 (2016) 238e244244structures onwhich to climb (Putz,1984,1995). In addition, Putz observed that ﬂexible treeswere better protected from lianas
(Putz, 1986).
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